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ABSTRACT
Vasko. Erik S. M.S., Department of Earth and Environmental Sciences, Wright State
University, 2018. Power Scaling of the Mainland Shoreline of the Contiguous United
States

Previous fractal analyses of shoreline roughness have measured the fractal
dimension of long segments of shoreline, e.g. Mandelbrot (1983) quantified the shoreline
of the west coast of Britain and Feder (1988) quantified the shoreline of Norway.
Consequently, changes in roughness along short segments are not captured by the
analysis. In this study, the fractal dimension of the mainland shoreline of the contiguous
United States has been measured in 125, 250, and 375 km segments using the boxcounting method. The box counting method is based on the equation N = c x b where N is
number of occupied boxes, C is a constant, x is box side length, and b is the fractal
dimension (scaling exponent). A MATLAB code was written to measure the fractal
dimension using the box-counting method.
The fractal dimension measures the scaling property of a pattern not at any one
length but over a range of lengths. In this study, the box-counting method counts
occupied boxes over a range of box sizes along a segment of shoreline to measure the
fractal dimension as it changes at different scales along the shoreline. The result is that
the fractal dimension of the shoreline will continue to change as the segment length
decreases. Thus, the single value of the fractal dimension reported by Richardson (1961)
and Mandelbrot (1983) for the shoreline of the west coast of Britain or by Feder (1988)
iii

for the shoreline of Norway are each an approximation of the average fractal dimensions
at smaller segment lengths.
The shoreline analyzed in this study is the NOAA Medium Resolution Shoreline.
Source map scales range from 1:10,000 to 1:600,000 with an average of 1:70,000. In the
current study, sequentially numbered X-Y coordinate points in UTM Zone 18N, spaced
50 meters apart, as measured continuously along the shoreline comprised the shoreline.
Fractal scaling was found on every section of the contiguous United States
shoreline for each segment length (125, 250, 375 km) sampled. The range of fractal
dimensions is 1.0 - 1.5. Fractal dimensions from 1.1 to 1.4 are consistently found in bays
and rias. River banks have fractal dimensions ranging between 1.0-1.2, and never higher.
Long stretches of smooth shoreline outside of bays that face towards open water have
consistently low fractal dimensions of 1.0 to 1.1. Shorelines that double back on
themselves, such as those of the Chesapeake Bay and Seattle Bay, Washington, have high
fractal dimensions of 1.3 to 1.4.
Low fractal dimensions were found along the Pacific shoreline, which is an
emergent shoreline on a tectonically active plate margin. Low fractal dimensions are
consistently measured on the Great Lakes shorelines. The high fractal dimensions
observed along the Atlantic and Gulf shorelines may in part be due to high storm activity
and the annual hurricane season. The Atlantic and Gulf of Mexico shorelines are both on
tectonically passive margins.
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1.0 INTRODUCTION
1.1 Purpose of Study
The purpose of this thesis is to quantify the roughness (scaling) of the mainland
shoreline of the contiguous United States. The roughness is quantified using the fractal
box-counting dimension that measures both the roughness and how the roughness
changes with length scale.
Computation of the fractal box-counting dimension is accomplished with a 2-D
Fractal Box Counting Code written by the author in MATLAB that divides a length of a
shoreline into equal size segments of a length selected by the user and performs boxcounting on the shoreline within that segment. The segment lengths used in this study are
125, 250, 375 km. Color-coded shoreline maps output by the 2-D Fractal Box Counting
Code show variation in fractal dimension along the shoreline and how it changes with
segment length.
1.2 Previous Work
Richardson (1961) studied the statistics of deadly quarrels in countries around the
world and wanted to ensure that the maps he was using showed an accurate length for the
borders between countries. He first tried measuring the lengths of borders by rolling a
1.8 cm diameter wheel on maps of various “unspecified frontiers”, but found that it was
1

not possible to measure small details with this method. He found that walking a border
with a divider opened to a length, n, provided a better measurement of the length of a
border. He noted that the dividers should also be used on a globe to account for the
curvature of the Earth that is not represented on a flat map. To avoid this problem,
Richardson used flat maps of small portions of the Earth’s surface with the largest map
being the continent of Australia. At the end of measuring a country or territory’s
boundary, Richardson would estimate the length of the remainder that could not be
measured by the whole size, n. Richardson then decided to study how chance can affect
what is being measured. He measured a shoreline to test how the divider method works
and how small details affect the number of divider openings used per length, n. His test
case was a portion of the west shoreline of Great Britain (see Figure 1.1) due to its
multiple irregularities and details that would remain unmeasured even with small divider
steps. Richardson plotted the logarithms of the total shoreline length in kilometers vs the
length measured with the divider in kilometers for the west shoreline of Great Britain.
He also measured other shorelines and boundaries between nations in the same way and
plotted the results in log-log space (see Figure 1.1). He found that the function that fit
each of the data sets on this plot is: L=aδb where L is the length, δ is the opening of the
dividers, a is a constant, and b is the scaling exponent. Richardson found the value of b
(Richardson dimension) varied from smallest value to largest value from his plot for the
shorelines and land frontiers he measured. Richardson noted that he was unable to
develop a theory as to explain how the length L (the sum of the divider steps) changes

2

with n.

Figure 1.1: Log-log plot of the opening of dividers (δ) (ruler length) plotted on the x-axis versus
the length of shoreline from the sum measured by dividers (rulers) of different lengths fit by
power functions. Note: different shorelines and land frontiers have different slopes. The slopes
are the exponent of the power function. Also plotted is the result for the circumference of a
circle. The curve fit to the data of the circle has a slope of zero below δ = 3. A slope of zero
indicates that the circumference reaches a constant value for decreasing δ. (Richardson, 1961).

Mandelbrot (1967) writes about measuring the roughness of a bank of the Vistula
River in Poland and comments that if one were to keep measuring the roughness with
increased precision, the length could be thousands of times longer than the length
reported in a “schoolbook”. He notes that ever more features are observed when
measuring geography at a finer scale and that the presence of new features at each level
of scale is a property he termed self-similarity (Mandelbrot, 1967). A self-similar (power
3

scaling) wiggly line lying in a plane will have a fractional dimension between 1.0 and
2.0. Mandelbrot (1967) coined the term fractal for all point, line, area, and volume shapes
exhibiting self-similarity (power scaling). Using the ruler method, he found that the same
portion of the west shoreline of Britain that Richardson had studied has a fractal
dimension D of 1.25. Note Richardson’s scaling exponent b is related to the fractal
dimension D where D=1-b, thus the fractal dimension of the circle in Figure 1.1 is 1.0.
Feder (1988) determined the fractal dimension of the shoreline for most of
Norway. He noted that while sailing along the shoreline of Norway he saw many rocks,
islands, bays, faults and gorges that do not appear on any of the very detailed nautical
maps (Feder, 1988, p.6). He noted that to measure the length of the shoreline he could
use the ruler method (same as divider method of Richardson, 1961) where n is the length
of the ruler, and if he wanted to measure it quickly, he would choose a longer ruler,
perhaps many kilometers long (Feder, 1988, p.6). He noted that using a large value of n
would “ski” over the longest fjords and would result in a shorter length for the shoreline
than would a shorter value of n. He noted that if he used an even smaller value of n, he
would need to use the detailed maps used to “settle questions of where a fence should go,
or how far up the river the fishing rights extend”. Feder (1988) noted that increasing the
resolution of the maps resulted in increases of the measured length of the shoreline. The
ruler method treats all the sections of the shoreline equally, regardless of what features
are on the shoreline. Feder decided to use an alternative to the ruler method to measure
the fractal dimension of the shoreline, the box-counting method. Feder briefly described
the box-counting method as overlaying a grid with a set box edge length over a map
where “the number of squares that cover the shoreline line on a map is roughly equal to
4

the number of steps taken when walking a ruler of length n along the shoreline” (Feder
1988, p.8). The advantage to using the box-counting method for Feder is that the boxcounting method allowed him to include offshore island shorelines that would have been
skipped in the ruler method. Using the box-counting method, he covered the shoreline
with a grid of squares with an edge length N. Decreasing the box edge length increased
the number of boxes that cover a portion of the shoreline. Plotting box edge length vs
length of the shoreline on log-log axes revealed an increasing number of filled boxes as
box edge length decreased (Feder, 1988, p. 8) just as Richardson (1961) found using the
divider method to measure the length of the West shoreline of Britain. The data on the
log-log plot, Figure 1.2, was fit with a power function, the exponent of which is related to
D as stated above: b = 1-D, the fractal dimension (or scaling exponent) which is 1.52 for
the section of the shoreline of Norway measured by Feder (Feder, 1988, p.8).

Figure 1.2: Log-log plot of box edge length (x-axis) versus the length measured by the sum of the
boxes of edge length δ of the shoreline of Norway. A power function was found to fit the points.
The fractal dimension D is 1.52. (Feder 1988)

5

Jiang (1998) measured the fractal dimension of the Pacific and Atlantic shorelines
of the United State using the ruler method. The data he used is an earlier version of the
NOAA Medium Resolution Shoreline used in the current study. The fractal dimension
was measured in one-degree segments of latitude on the Atlantic and Pacific shorelines.
The mean fractal dimension for the Atlantic shoreline was 1.14 and ranged from 1.0-1.70.
The mean fractal dimension for the Pacific shoreline was found to be 1.07 and ranged
from 1.0-1.27. Jiang reported no significant north-south trend in fractal dimension on the
Pacific shoreline nor does the fractal dimension correlate with latitude. For the Atlantic
shoreline, the mean fractal dimension was higher than it was for the Pacific shoreline
indicating that the Atlantic shoreline is rougher overall. On the Atlantic shoreline, the
fractal dimension decreased from high latitudes to lower latitudes (Table 1.1). Detailed
mean and range of fractal dimension by latitude for the Atlantic and Pacific shorelines are
listed in Table 1.1.
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Table 1.1: Mean and range of fractal dimension for the Atlantic and Pacific shorelines of the US
by degrees of latitude. D is fractal dimension (scaling exponent), from Jiang (1998)
Atlantic
Shoreline
Latitude range
°N
45-44
44-43
43-42
42-41
41-40
40-39
39-38
38-37
37-36
36-35
35-34
34-33
33-32
32-31
31-30
30-29
29-28

Pacific Shoreline
Mean D
1.11
1.13
1.12
1.12
1.11
1.14
1.15
1.17
1.12
1.12
1.16
1.12
1.14
1.17
1.2
1.15
1.17

Range D
1.00-1.33
1.05-1.21
1.00-1.33
1.00-1.24
1.00-1.26
1.01-1.43
1.01-1.29
1.07-1.37
1.00-1.34
1.00-1.37
1.03-1.30
1.02-1.33
1.02-1.31
1.14-1.38
1.00-1.38
1.02-1.70
1.00-1.40

Latitude range °N
48-47
47-46
46-45
45-44
44-43
43-42
42-41
41-40
40-39
39-38
38-37
37-36
36-35
35-34
34-33
33-32
32-

Mean D
1.07
1.08
1.09
1.06
1.07
1.07
1.06
1.1
1.07
1.07
1.05
1.07
1.07
1.05
1.05
1.07
1.06

Range D
1.01-1.19
1.01-1.23
1.00-1.23
1.00-1.22
1.01-1.13
1.00-1.18
1.01-1.10
1.01-1.22
1.01-1.14
1.01-1.16
1.00-1.21
1.00-1.27
1.00-1.18
1.00-1.11
1.00-1.19
1.00-1.27
1.00-1.21

Zhang (2002) measured the length of the shoreline of Nanji Island in the East
China Sea, analyzing IKONOS satellite images at 1 and 4-meter resolution. These equate
to 1:2,000 and 1:8,000 scales respectively (Nagi, 2010). He measured the fractal
dimension of the shoreline by counting the number of steps to walk the shoreline for a
range of openings of a divider (or ruler). The length of the shoreline, as calculated by
adding the number of steps taken, was plotted versus the opening of the divider on loglog axes. The length of the shoreline was measured at the 1:2,000 map scale and the
1:8,000 map scale. The length of the shoreline measured at 1:2,000 was 40,108.25 m and
at the 1:8,000 scale was 34,497.68 m. The fractal dimensions were calculated using the

7

relationship b = 1-D. For the 2,000 map scale D = 1.112 and for the 1:8,000 map scale,
D = 1.107. Given that the fractal dimension is accurate only to the first decimal place for
the divider, ruler, and box-counting methods, he found no difference in the fractal
dimension at these two scales. He also measured the fractal dimension along different
sections of the shoreline including shoreline reefs, mud flats, and a sandy beach. His
measured fractal dimension results vary slightly between the different types of shoreline
composition. The results for the different shorelines range between 1.0201-1.1009. A
map of his study area and the corresponding shoreline types and a summary of his results
are shown in Figure 1.3 and the fractal dimensions are listed in Table 1.2.

Figure 1.3: The fractal dimensions for varying shoreline lithologies of Nanji Island, China.
Numbers along the shore correlate to their composition shown in the accompanying table, Zhang
2009.

Xiaohua (2004) measured the fractal dimension of the shoreline of China and
using the Atlas of Geo-Science Analyses of Landsat Imagery of China at a scale of
1:2,500,000. Xiaohua used the box-counting method on the ArcView GIS 3.2 and
8

MapInfo 5.0 image. A plot of his results is shown in Figure 1.4 and are listed in Table
1.2.

Figure 1.4: The measured length of the China shoreline varies with the ruler length, Xiaohua,
2004.

Mojica (2011) used the ruler method, to analyze four sections of the shoreline of
Panama Bay, Panama. The aerial images used were at a scale of 1:20,000. Shoreline 1 is
composed of agglomerate, which is a volcanic breccia. Shoreline 2 is composed of
sandstone, siltstone, and fossiliferous limestone all mixed with volcanic material.
Shorelines 1 and 2 are part of the Panama formation. Shorelines 3 and 4 are composed of
alluvium of the Lajas formation. Shorelines 1-4 are reported to have the following fractal
dimensions respectively; 1.196, 1.140, 1.031, 1.017 which when rounded to the first
decimal place are 1.2, 1.1, 1.0, and 1.0 respectively. Mojica’s results are seen in Table
1.2 and a detailed map of her study area and its associated formations are shown in
Figure 1.5. Mojica stated that care must be taken when reporting the number of decimal
9

places of the fractal dimension due to uncertainty in the ruler method, yet she reports her
results to the third decimal place.

Figure 1.5: Map of area of study in Panama City, Panama and the corresponding lithologies of
shorelines 1, 2, 3, and 4, Mojica 2011.

Ma (2016) used ArcGIS to measure the fractal dimension of the shoreline of
China to compare his calculated length to that stated by the national government of
China. He used the box-counting method on a map with a scale of 1:500,000. The 33
box sizes range in length from 0.01 km to 800 km. He measured the shoreline in 2
sections, one to the north and one to the south of Hangzhou Bay. He also used the ruler
method with ruler lengths ranging from 2.5 to 300 km. Ma’s results for fractal dimension
using the ruler method for the total China shoreline, northern China shoreline, and
southern China shoreline respectively are 1.2004, 1.204, and 1.2565 and for the boxcounting method are 1.0929, 1.0655, and 1.1117. His results are included in Table 1.2.

10
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Table 1.2: Fractal dimension and Richardson dimension results reported for shorelines in section 1.2 of this report.

2.0 DATA
2.1 Shorelines
NOAA generally defines a shoreline as “the intersection of the land with the
water surface” (NOAA, 2016). The shoreline shown on the NOAA nautical charts is the
line of contact between the land and a defined water elevation (NOAA, 2016). In areas
affected by tidal fluctuations, this line of contact is the mean high water (MHW) line
(NOAA, 2016). In confined shoreline waters of diminished tidal influence, the mean
high water level line is also used. (NOAA 2016). The tidal datum for the shoreline
analyzed in this study is MHW, which NOAA defines as “the average of all the high
water heights observed over the National Tidal Datum Epoch - a specific 19 year period
during which tidal datum is observed (NOAA, 2016). For stations with shorter time
series, simultaneous comparisons are made with a NOAA tide station in order to derive
the equivalent datum of the National Tidal Datum Epoch” (NOAA, 2016). The
shorelines analyzed in this study are the continuous inner shoreline, excluding the
shorelines of shoreline islands. The NOAA shorelines extend inland along major rivers to
the extent of tidal influence (NOAA, 2016). The shorelines analyzed include: the United
States Atlantic, Gulf of Mexico, Pacific shorelines and both the United States and
Canadian Great Lakes shorelines.
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2.2 NOAA Medium Resolution Shoreline
The NOAA Medium Resolution Shoreline is the only digitized shoreline with
continuous coverage of the continental United States and includes the Great Lakes
shoreline of both the US and
Canada(https://shoreline.noaa.gov/data/datasheets/medres.html).
The Medium Resolution Shoreline is a composite constructed from US National Ocean
Service nautical charts spanning the years from 1988 to 1992, which were collected at
scales ranging from 1:10,000 to 1:600,000 with an average scale of 1:70,000. The
Medium Resolution Shoreline is available on line as a Geographic Information Systems
vector line in the North American Datum 1983 (NAD83) decimal degree latitude and
longitude geographic coordinates
(https://shoreline.noaa.gov/data/datasheets/medres.html). The US National Ocean Service
nautical charts are the same as or greater than current National Map Accuracy Standards
in that no more than 10 percent of tested points are in error of greater than 1/30 inch for
scales larger than 1:20,000, and for scales less than 1:20,000, tested points shall not have
an error greater than 1/50 inch (United States Geological Survey).
The Medium Resolution Shoreline was generated by NOAA in four steps
(https://shoreline.noaa.gov/data/datasheets/medres.html). The first step was digitizing the
shorelines from the US National Ocean Service (NOS) nautical charts into ArcInfo GIS
format and correcting any errors. Topography and descriptive attributes are added at this
step, but they were not used in the present study. The second step was to join the charts to
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form a continuous Atlantic shoreline, a Gulf of Mexico shoreline, a Pacific shoreline, and
a Great Lakes shoreline. The third step was verifying that these composite maps are
accurate by randomly choosing portions of the digital maps and comparing them to the
original physical maps. Errors in the digital data were noted and corrected. The fourth
step consisted of formatting the data into ArcGIS format and archiving it. The ArcGIS
Medium Resolution Shoreline can be downloaded from the NOAA shoreline website
(https://shoreline.noaa.gov/data/datasheets/medres.html).
Once downloaded from the NOAA website, ESRI ArcMap GIS software was
used to convert the shoreline to a sequence of X,Y data points spaced 50 meters apart and
saved in an Excel spreadsheet. The shoreline saved in the Excel spreadsheet is a
continuous mainland shoreline, which excludes offshore islands and extends inland along
both banks of major rivers to the point where tidal range goes to zero (NOAA, 2016).
2.3 Conversion of ArcInfo GIS Data Into X,Y Data Points in an Appropriate
Projected Coordinate Systems
The shorelines were converted to a sequence of points spaced 50 meters apart by
region. For each region, the NAD83 geographic coordinates in decimal degrees were
converted to projected coordinates in meters. Further from the equator, degrees of
longitude become shorter than degrees of latitude, therefore distances cannot be easily
expressed using latitude and longitude coordinates and were converted to projected
coordinates. There are many projected coordinate systems to choose from, the one chosen
must maximize local accuracy based on the orientation and extent of a study area. Since
the Atlantic and Pacific shorelines are primarily oriented north to south, they almost
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entirely fall within a Universal Transverse Mercator (UTM) zone. The UTM coordinate
system is divided into vertical zones that are 500 kilometers wide at the equator and go to
zero at the poles. UTM zones central to each region were used: UTM Zone 18N for the
Atlantic shoreline, and UTM Zone 10N for the Pacific shoreline. The USA Contiguous
Lambert Conformal Conic projected coordinate system is appropriate for east – west
oriented regions in middle latitudes and was used for the Gulf of Mexico shoreline and
the Great Lakes shoreline. This projected coordinate system preserves regional shape and
area. In all regions, false northings and eastings were adjusted by taking the largest
negative value easting and northing of a point in a shoreline dataset and adding its
positive value to every point to make all eastings and northings positive. This adjustment
was made because the MATLAB program is unable to read negative x (easting) and y
(northing) values as input.
Within each region, the projected shorelines were converted to points with x,y
coordinates. A point shapefile template was created for each region. The Construct Points
editing tool in ArcGIS creates new point features at intervals along a selected line was
loaded with a selected shoreline region and its corresponding point template (Creating
new points along a line, 2016): Distance was chosen as the Construction Option and 50
was specified to create points 50 meters apart as one walks the shoreline. The output
shorelines are directional with the shoreline running west to east. The Calculate
Geometry tool in ArcGIS was used to add the x and y coordinates of each point to the
data’s attribute table. This attribute table was exported as a CSV file and converted to an
Excel spreadsheet for input to the MATLAB program for box-counting analysis.
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The 50 meter point spacing along the shorelines was chosen because it is small
enough to permit box-counting analysis down to 100 meters (twice the spacing between
data points), which is also the length scale of resolution for the smallest shoreline features
at a scale of 1:600,000. The data points are sequential so that the user can divide a
shoreline into segments, each containing the same number of data points, and box-count
within each segment.
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3.0 METHOD OF ANALYSIS
3.1 Box-Counting
The box-counting method is used to measure the spatial scaling exponent of both
a set of points and a continuous curve lying in a plane. In the box-counting method a
sequence of grids of equally sized squares are laid over the data and the number of
occupied boxes is counted (Barton, 1985 and 1995). Grids of boxes are overlaid and
rotated so that the minimum number of occupied boxes is counted for each box size. The
minimum number of occupied boxes N of size r is plotted in log-log space as a function
of r. Log-log space is used because a power function plots as a straight line in log-log
space.
The power function used to fit the box-counting data is:
N = C *rD

Equation 3.1

where D is the scaling exponent (fractal dimension), N is the minimum number of
occupied boxes, C is a constant, and r is the edge length (size) of the box (Barton, 1995).
Note that the range of the scaling exponent (fractal dimension) of points or lines lying on
a plane is 1 to 2, inclusive. The program Benoit (BenoitTM, 2017) permits the user to
determine the accuracy of the ruler and box methods by testing these methods on
synthetic ‘wiggly’ lines of known fractal dimension over a range of iterations. Such tests
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show that the ruler and box-counting methods are reliable only to the first decimal place
(Barton, personal communication). A graphic of the box-counting method is provided in
Figure 3.1.

Figure 3.1: Illustration of the box-counting method. A grid of large boxes is laid over a portion of
shoreline and the number of occupied boxes is plotted in log-log space. A grid of smaller boxes
is then laid over the shoreline and the number of occupied boxes is plotted in log-log space. The
process is repeated for four grid sizes in this example. If the plotted points are best fit in log-log
space with a straight line (power function), then the pattern is power scaling and the slope of the
straight line is the scaling exponent, or Fractal Dimension. Adapted from Barton, 1995.

3.2 MATLAB Program ‘Box_Count’
A MATLAB program called Box_Count was written by the author to perform the
box counting method as described above on the NOAA Medium Resolution Shoreline.
The program divides a piece of shoreline into segments, whose length is specified by the
user, of an equal number of sequential points representing a distance along the shoreline.
Segment lengths chosen in this study are 125, 250, and 375 km. The 125 km segment
length was chosen because it is the smallest segment length the computer could handle
without crashing the program. The 250 and 375 km segment lengths were chosen as
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multiples of 125 km segment length to compare to each other and study how segment
length affects the fractal dimension. For each segment, the box counting method is
applied over a range of box sizes. The range of box sizes is automatically determined so
that the largest box size is one-half the segment length and the smallest box is always 100
m (twice the distance between the points along the shoreline). The box sizes decrease
from largest to smallest by a factor of two. The power function is fit to the data using the
Levenberg-Marquardt algorithm (Press et al., 1992) which is a combination of steepest
descent method and Gauss-Newton method, but also has the stability of deepest descent
method (Wang, 2017). The MATLAB program Box_Count outputs individual log-log
plots fit with a power function for each segment. Each plot has a maximum of 7 box
sizes for each segment length. The program then plots the shoreline with each segment
color-coded based on its fractal dimension (rounded to the first decimal place). Sample
plots for each segment length at random intervals of the shorelines measured is seen in
Figures 3.2.1 to 3.2.6. Notice in each box-counting plot that 7 boxes sizes are fit by a
power function.
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Figure 3.2.1: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.0), given as Db at top of the plot.
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Figure 3.2.2: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.1), given as Db at top of the plot.
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Figure 3.2.3: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.2), given as Db at top of the plot.

22

Figure 3.2.4: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.3), given as Db at top of the plot.
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Figure 3.2.5: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.4), given as Db at top of the plot.
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Figure 3.2.6: On the left is a plot of a randomly selected 375 km segment of the Atlantic
shoreline. On the right is a plot of the number of occupied boxes (y-axis) versus the box edge
length in meters (x-axis) in log-log space, fit by a power function, the slope of which is the fractal
dimension (1.5), given as Db at top of the plot.

A second MATLAB program called Fractal_Difference calculates the difference
in fractal dimension at each of the 50 m spaced points along the shoreline for runs with
different segment lengths. This program subtracts one segment length’s fractal dimension
from a second segment length’s fractal dimension at each point along the shoreline. It
does not matter which segment length is subtracted from which, because the program
outputs the absolute value of the difference. This permits analysis of the stability of the
fractal dimensions between segments of different lengths. The output file of
Fractal_Difference is also a color-coded map of the shoreline with colors corresponding
to the difference in fractal dimension, see Figures 4.13 to 4.18.
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4.0 RESULTS
4.1 Overview
This chapter reports on the fractal dimensions for each of the three segment
lengths along each shoreline. The Atlantic shoreline, Gulf of Mexico shoreline, Pacific
shoreline and Great Lakes shorelines on the American and Canadian sides were measured
in segment lengths of 125, 250, and 375km. The segment lengths were chosen as stated
in Chapter 3: the 125 km segment length is the smallest segment length the computer
could accept without crashing the program: 250 and 375 km segment lengths were
chosen as multiples of the 125 km segment length, to compare to each other and to study
how segment length affects the fractal dimension.
The maps of the Atlantic and Pacific shorelines are separated into intervals of 5°
of latitude, the Gulf of Mexico shoreline is separated into 5° of longitude, and the Great
Lakes are reported in the following order: Superior, Michigan, Huron, Erie, and Ontario.
Maps of the Atlantic shoreline in 5° latitude intervals are reported in Figures 4.1, 4.2, and
4.3. Maps of the Gulf shoreline in 5° longitude intervals are reported in Figures 4.4, 4.5,
and 4.6. Maps of the Pacific shoreline in 5° latitude intervals are reported in Figures 4.7,
4.8, and 4.9. Maps of the Great lakes shoreline in order of Lake Superior, Michigan,
Erie, Huron, and Ontario are reported in Figures 4.10, 4.11, and 4.12. The range of
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fractal dimension for each segment length for the Atlantic and Pacific shorelines are
reported in Table 4.1. The range of fractal dimension for each segment length for the
Gulf of Mexico and Great Lakes shorelines are reported in Table 4.2.

An in depth

discussion of the shorelines can be found in sections 4.2 through 4.5 below.
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Figure 4.1: Map of the Atlantic shoreline with 5° intervals of latitude. The shoreline is colorcoded in 125 km segments based on the fractal dimension of each segment.
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Figure 4.2: Map of the Atlantic shoreline with 5° intervals of latitude. The shoreline is colorcoded in 250 km segments based on the fractal dimension of each segment.
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Figure 4.3: Map of the Atlantic shoreline with 5° intervals of latitude. The shoreline is colorcoded in 375 km segments based on the fractal dimension of each segment.
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Figure 4.4: Map of the Gulf of Mexico shoreline with 5° intervals of latitude. The shoreline is
color-coded in 125 km segments based on the fractal dimension of each segment.
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Figure 4.5: Map of the Gulf of Mexico shoreline with 5° intervals of latitude. The shoreline is
color-coded in 250 km segments based on the fractal dimension of each segment.
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Figure 4.6: Map of the Gulf of Mexico shoreline with 5° intervals of latitude. The shoreline is
color-coded in 375 km segments based on the fractal dimension of each segment.
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Figure 4.7: Map of the Pacific shoreline with 5° intervals of latitude. The shoreline is colorcoded in 125 km segments based on the fractal dimension of each segment.
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Figure 4.8: Map of the Pacific shoreline with 5° intervals of latitude. The shoreline is colorcoded in 250 km segments based on the fractal dimension of each segment.
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Figure 4.9: Map of the Pacific shoreline with 5° intervals of latitude. The shoreline is colorcoded in 375 km segments based on the fractal dimension of each segment.
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Figure 4.10: Map of the Great Lakes shorelines with 5° intervals of latitude. The shoreline is
color-coded in 125 km segments based on the fractal dimension of each segment.
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Figure 4.11: Map of the Great Lakes shorelines with 5° intervals of latitude. The shoreline is
color-coded in 250 km segments based on the fractal dimension of each segment.
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Figure 4.12: Map of the Great Lakes shorelines with 5° intervals of latitude. The shoreline is
color-coded in 375 km segments based on the fractal dimension of each segment.
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Table 4.1: The range of fractal dimension at 5° intervals of latitude for each segment length for
the Atlantic and Gulf of Mexico shorelines.
Shoreline
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf

Segment length
(km)
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375

Interval Range
40°-45°N+
40°-45°N+
40°-45°N+
35°-40°N
35°-40°N
35°-40°N
30°-35°N
30°-35°N
30°-35°N
End-30°
End-30°
End-30°
US border-95°W
US border-95°W
US border-95°W
95-90°W
95-90°W
95-90°W
90-85°W
90-85°W
90-85°W
85-End
85-End
85-End
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Fractal Dimension
range
1.0-1.4
1.0-1.4
1.1-1.4
1.0-1.4
1.0-1.5
1.0-1.5
1.0-1.4
1.0-1.4
1.0-1.4
1.0-1.3
1.0-1.3
1.0-1.3
1.0-1.3
1.1-1.3
1.1-1.3
1.0-1.3
1.0-1.3
1.0-1.3
1.0-1.3
1.1-1.3
1.1-1.3
1.0-1.3 and 1.5
1.0-1.3
1.1-1.3

Table 4.2: The range of fractal dimension at 5° intervals of latitude for each segment length for
the Pacific shoreline. The range of fractal dimensions for the Great Lakes shorelines were
measured individually for each lake.
Shoreline
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes

Segment length
(km)
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375
125
250
375

Interval range
45°+
45°+
45°+
40°-45°N
40°-45°N
40°-45°N
35°-40°N
35°-40°N
35°-40°N
Border-35°N
Border-35°N
Border-35°N
Lake Superior
Lake Superior
Lake Superior
Lake Michigan
Lake Michigan
Lake Michigan
Lake Huron
Lake Huron
Lake Huron
Lake Erie
Lake Erie
Lake Erie
Lake Ontario
Lake Ontario
Lake Ontario
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Fractal dimension range
1.0-1.4
1.0-1.3
1.0-1.4
1.0-1.3
1.0-1.2
1.0-1.1
1.0-1.3
1.0-1.3
1.0-1.3
1.0-1.2
1.0-1.1
1.0-1.1
1.0-1.2
1.0-1.2
1.0-1.2
1.0-1.2
1.0-1.3
1.0-1.1 and 1.3
1.0-1.3
1.0-1.4
1.0-1.3
1.0-1.2
1.0-1.3
1.0-1.2
1.0-1.2
1.0-1.2
1.0-1.2

4.2 Atlantic Shoreline
Table 4.1 reports the fractal dimension range across the Atlantic shoreline at 5°
latitude increments. Tables 4.3, 4.4, and 4.5 report the fractal dimension range across the
Gulf of Mexico shoreline at 1° latitude increments. Figures 4.1, 4.2, and 4.3 report the
125, 250, and 375 km scaling maps respectively. The following is a qualitative
description of the Atlantic shoreline at the 5° intervals.
North to south from the Maine-Canada border at 45° 10’ latitude mark to the 40°
latitude mark at Silverton, Pennsylvania, the range of fractal dimension is 1.0 to 1.4 for
the 125 km segment length. Most of the shoreline has a fractal dimension of 1.2 to 1.3.
The regions with a dimension 1.3 and 1.4 are primarily along the shoreline between
Popham Beach, Maine and the Maine-Canada border. The regions with a fractal
dimension 1.2 are primarily found in Casco Bay, Maine, Massachusetts Bay,
Massachusetts, Buzzards Bay, Massachusetts, and the shoreline of New London,
Connecticut. For the 250 km segment length, the fractal dimension ranges from 1.0 to
1.4. Most of the shoreline again has a fractal dimension of 1.2 to 1.3. A fractal
dimension of 1.4 is found in Buzzards Bay, Massachusetts, and from East Penobscot Bay,
Maine to Narraguagus Bay, Maine. Fractal dimension 1.3 is found in New Haven
Harbor, Connecticut, between Mount Hope Bay, Rhode Island and Buzzards Bay,
Massachusetts, between Massachusetts Bay, Massachusetts and Ipswich Bay,
Massachusetts, and in Casco Bay, Maine, Muscongus Bay, Maine, and the Gulf of
Maine. A fractal dimension 1.2 is observed primarily between Silverton, Pennsylvania
and the Connecticut River, Connecticut, between Dennis Port, Massachusetts and
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Massachusetts Bay, Massachusetts, and in Piscataqua Bay on the New Hampshire- Maine
border. A fractal dimension 1.0 is observed along the Hudson River, New York.
In the 375 km segment length, the fractal dimension ranges from 1.1 to 1.4. Most
of the shoreline has a fractal dimension of 1.2. Regions with a fractal dimension of 1.4
are found in Linekin Bay, Maine and in Mount Desert Narrows, Maine. Fractal
dimension 1.3 is found in Buzzards Bay, Massachusetts, Massachusetts Bay,
Massachusetts, Casco Bay, Maine, Bay Harbor, Maine, and the Gulf of Maine, Maine.
Fractal dimension 1.2 is found for the East River, New York, the shoreline along Dennis
Port, Massachusetts, and West Penobscot Bay, Maine.
North to south from the 40° latitude mark at Silverton, Pennsylvania to the 35°
latitude mark at Cedar Island, North Carolina, a fractal dimension range of 1.0 to 1.4 is
observed for the 125 km segment length. Most of the shoreline has a fractal dimension
range of 1.2 to 1.3. Regions with a fractal dimension of 1.4 are primarily located within
Chesapeake Bay. Most regions with fractal dimension 1.1 are in the Delaware Bay, on
the Delaware- New Jersey Border, the Chesapeake Bay, and Albermarle Sound, North
Carolina. Fractal dimension 1.0 is observed within the Chesapeake Bay, from
Wachapreague, Virginia to Kiptopeke, Virginia, and Virginia Beach, Virginia to Nags
Head, North Carolina. In the 250 km segment length, the fractal dimension ranges from
1.0 to 1.5. Most of the shoreline has a fractal dimension of 1.2 to 1.3. Regions with
fractal dimension 1.5 are mostly located within Chesapeake Bay. Fractal dimension 1.4
is found in the Delaware Bay, on the Delaware- New Jersey Border, the Chesapeake Bay,
and in the mouth of the Pungo River, North Carolina. Fractal dimension 1.1 can be found
in the Delaware River, Delaware, the Chesapeake Bay, Barnegat Bay, New Jersey, and
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from Virginia Beach, Virginia to Carolla, North Carolina. Fractal dimension 1.0 can be
found from Carolla, North Carolina to Nags Head, North Carolina. In the 375 km
segment length, the fractal dimension ranges from 1.0 to 1.5. Most of the shoreline has a
fractal dimension of 1.2 to 1.3. Fractal dimension 1.5 can be found in the Chesapeake
Bay. Fractal dimension 1.4 is observed in the Delaware Bay, on the Delaware- New
Jersey Border, the Chesapeake Bay, and in the mouth of the Pungo River, North Carolina.
The fractal dimension 1.1 is observed in Chincoteague Bay, Maryland, the Chesapeake
Bay, and Currituck Sound, North Carolina. A fractal dimension 1.0 can be found in the
Chesapeake Bay and from Virginia Beach, Virginia to Nags Head, North Carolina
North to south from the 35° latitude mark at Cedar Island, North Carolina to the
30° latitude mark near Saint Augustine, Florida, a fractal dimension range of 1.0 to 1.4 is
observed in the 125 km segment length. Most the shoreline has a fractal dimension range
of 1.1 to 1.2. The regions with fractal dimension 1.3 and 1.4 are primarily located along
the South Carolina and Georgia shoreline. The regions with fractal dimension 1.1 and
1.2 are primarily located between Swansboro, North Carolina across the entirety of
Myrtle Beach while the Savannah River is mostly fractal dimension 1.0. A fractal
dimension range of 1.0 to 1.4 is observed in the 250 km segment length. Most of the
shoreline is split between fractal dimension 1.0 and 1.3. Most of the fractal dimensions
of 1.3 and 1.4 can be found along the South Carolina and Georgia shoreline. From
Swansboro, North Carolina to the entirety of Myrtle Beach the shoreline is mostly fractal
dimension 1.0 to 1.1 while the Savannah River is almost entirely fractal dimension 1.0.
A fractal dimension range of 1.0 to 1.4 is observed in the 375 km segment length. The
regions with fractal dimension 1.3 and the one segment of dimension 1.4 segment are
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located along the South Carolina and Georgia shoreline. Most of fractal dimension 1.1
and some 1.2 segments can be found from Swansboro, North Carolina to the entirety of
Myrtle Beach. Fractal dimension 1.0 can be found on the Savannah River.
North to south from the 30° latitude mark near Saint Augustine, Florida to the
Everglades National Park, Florida a fractal dimension range of 1.0 to 1.3 can be seen in
the 125 km segment length. Most of the shoreline has a fractal dimension of 1.0 to 1.1.
Fractal dimension 1.2 and 1.3 can be found in both Fort Lauderdale, Florida and the
Everglades National Park. A fractal dimension range of 1.0 to 1.3 can be seen in the 250
km segment length. Most of the shoreline has a fractal dimension of 1.0 and 1.1. Fractal
dimension 1.1 and 1.3 can be found in Fort Lauderdale, Florida. Fractal dimension 1.2
can be found in the Everglades National Park. A fractal dimension range of 1.0 to 1.3
can be seen in the 375 km segment length. Most of the shoreline has a fractal dimension
range of 1.0 to 1.1. Fractal dimension 1.1 and 1.3 can be found in Fort Lauderdale,
Florida. A fractal dimension of 1.2 can be found in the Everglades National Park.
The fractal dimensions for the 125 km map going from north to south can be seen
in Appendix 1. The fractal dimensions for the 250 km map going from north to south can
be seen in Appendix 2. The fractal dimensions for the 375 km map going from north to
south can be seen in Appendix 3.
Fractal dimension is always less than 1.3 when traveling up rivers, most notably
the Saint Johns River, Florida, the Savannah River on the Georgia, South Carolina
border, the Hudson River, New York. High fractal dimension values are consistently
seen in nature preserve areas along the Atlantic shoreline.
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Table 4.3: Table showing the range of fractal dimensions measured for the 125 km segment
length for the Atlantic shoreline at 1° intervals of latitude.
Segment length
Shoreline (km)
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125
Atlantic
125

Latitude range
45+
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
32-33
31-32
30-31
29-30
28-29
27-28
26-27
26-
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Fractal Dimension
range
1.2-1.3
1.1-1.4
1.1-1.4
1.1-1.4
1.0-1.4
1.0-1.3
1.1-1.4
1.0-1.4
1.0-1.4
1.0-1.4
1.1-1.4
1.0-1.3
1.0-1.3
1.0-1.3
1.1-1.4
1.0-1.4
1.0-1.2
1.0
1.0-1.1
1.0-1.3
1.1-1.3

Table 4.4: Table showing the range of fractal dimensions measured for the 250 km segment
length for the Atlantic shoreline at 1° intervals of latitude.
Segment length
Shoreline (km)
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250
Atlantic
250

Latitude range
45+
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
32-33
31-32
30-31
29-30
28-29
27-28
26-27
26-
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Fractal Dimension
range
1.3
1.1-1.4
1.1-1.3
1.0 & 1.2-1.3
1.0-1.4
1.0-1.2
1.1-1.4
1.1-1.5
1.1-1.4
1.0-1.4
1.0 & 1.2-1.4
1.0-1.3
1.0-1.2
1.0-1.4
1.1 & 1.3-1.4
1.0-1.4
1.0-1.2
1.0
1.0-1.1
1.0-1.1 & 1.3
1.0-1.3

Table 4.5: Table showing the range of fractal dimensions measured for the 375 km segment
length for the Atlantic shoreline at 1° intervals of latitude.
Segment length
Shoreline (km)
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375
Atlantic
375

Latitude range
45+
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
32-33
31-32
30-31
29-30
28-29
27-28
26-27
26-

Fractal Dimension
range
1.2-1.3
1.1-1.4
1.1-1.4
1.2-1.3
1.1-1.3
1.1-1.2
1.0 & 1.2-1.4
1.0-1.5
1.1-1.4
1.0-1.4
1.0-1.4
1.0-1.1 & 1.3
1.0-1.0 & 1.3
1.0-1.3
1.2-1.4
1.0-1.3
1.0-1.1
1.0-1.1
1.1
1.0-1.1 & 1.3
1.1-1.2

4.3 Gulf of Mexico Shoreline
Table 4.1 reports the fractal dimension range across the Gulf of Mexico shoreline
at 5° latitude increments. Tables 4.6, 4.7, and 4.8 report the fractal dimension range
across the Gulf of Mexico shoreline at 1° latitude increments. Figures 4.4, 4.5, and 4.6
report the 125, 250, and 375 km scaling maps respectively. The following is a qualitative
description of the Gulf of Mexico shoreline at the 5° intervals.
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West to east from the Texas-Mexico border at 97° 8’ to the 95° longitude mark
near Bayou Vista, Texas a fractal dimension range of 1.0 to 1.3 can be seen on the 125
km segment length. Most of the shoreline has a fractal dimension range of 1.1 to 1.2.
The small fractal dimension 1.3 section can be found in Baffin Bay, Texas. In the 250
km segment length a fractal dimension range of 1.1 to 1.3 can be seen. Most of the
shoreline has a fractal dimension range of 1.1 to 1.3. The fractal dimension 1.3 sections
can be found in Baffin Bay, Texas and Lavaca Bay, Texas. In the 375 km segment length
a fractal dimension range of 1.1 to 1.3 can be seen. Most of the shoreline has a fractal
dimension 1.2. The fractal dimension 1.3 sections can be found in Copano Bay, Texas
and South Bay, Texas.
West to east from the 95° longitude mark near Bayou Vista, Texas to the 90°
longitude mark at Galliano, Louisiana a fractal dimension range of 1.0 to 1.3 can be seen
in the 125 km segment length. Most of the shoreline has a fractal dimension range of 1.1
to 1.2. The fractal dimension 1.3 section is at bay area near Bridge City, Texas. Most of
the fractal dimension 1.1 sections are in and around the Atchafalaya River. In the 250 km
segment length map a fractal dimension range of 1.0 to 1.3 can be seen. Most of the
shoreline here has a fractal dimension range of 1.1 to 1.2. The fractal dimension 1.3
sections are at West Bay, Texas and to the southeast of the Atchafalaya River mouth.
The fractal dimension 1.1 sections are in and around the Atchafalaya River. In the 375
km segment length map a fractal dimension range of 1.0 to 1.3 can be seen. Most of the
shoreline has a fractal dimension range of 1.1 to 1.2. The fractal dimension 1.3 section is
at the bay area near Bridge City, Texas. The fractal dimension 1.1 sections are in and
around the Atchafalaya River.
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West to east from the 90° longitude mark at Galliano, Louisiana to the 85°
longitude mark at Apalachicola, Florida, a fractal dimension range of 1.0 to 1.3 can be
seen. Most of the shoreline has a fractal dimension range of 1.1 to 1.2. The fractal
dimension 1.3 sections occur in Mobile Bay, Alabama right next to the city of Mobile
while the other section occurs at Grand Lagoon, Florida. The fractal dimension 1.1
sections occur at the east edge of Mobile Bay, Alabama and the other section occurs at
Oriole Beach, Florida. In the 250 km segment length, a fractal dimension range of 1.1 to
1.3 can be seen. Most of the shoreline has a fractal dimension range of 1.1 to 1.2. The
fractal dimension 1.3 sections occur in the Old Pearl River delta, Louisiana, the next from
Mon Louis Alabama, to Portersville Bay, Alabama, and the next in Perdido Bay on the
Alabama side. In the 375 km segment length, a fractal dimension range of 1.1 to 1.3 can
be seen. Most of the shoreline has a fractal dimension range of 1.1 to 1.2. The fractal
dimension 1.3 section occurs in the Old Pearl River delta, Louisiana.
West to east from the 85° longitude mark at Apalachicola, Florida to the end of
the Gulf of Mexico at the Everglades National Park, Florida, a fractal dimension range of
1.0 to 1.5 can be seen in the 125 km segment length, but no fractal dimension 1.4 is
encountered. Most of the shoreline in this area has a fractal dimension range of 1.1 to
1.2. The fractal dimension 1.5 sections occur in Cape Coral, Florida. The fractal
dimension 1.3 sections occur in Apalachee Bay, Florida, the shoreline north of the
Suwanee River mouth, Florida, Crystal Bay, Florida, Tampa Bay, Florida, Estero Bay
Aquatic Preserve, Florida, Gullivan Bay, Florida, and Whitewater Bay, Florida. The
fractal dimension 1.0 sections occur in the Gasparilla Sound- Charlotte Harbor Aquatic
Preserve, Florida and the other is at the northern Naples shore, Florida. In the 250 km
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segment length a fractal dimension range of 1.0 to 1.3 can be seen. Most of the shoreline
in this area has a fractal dimension range of 1.1 to 1.2. The fractal dimension 1.3 sections
occur in Crystal Bay, Florida, Tampa Bay, Florida, the mouth of the Caloosahatchee
River, Florida, the southern Naples shore, Florida, and Whitewater Bay, Florida. In the
375 km segment length a fractal dimension range of 1.0 to 1.3 can be seen. Most of the
shoreline in this area has a fractal dimension range of 1.1 to 1.2. The fractal dimension
1.3 sections occur on Alligator Point, Florida, Tampa Bay, Florida, the Cape Haze
Aquatic Preserve, Florida, the Caloosahatchee River, Florida, Gullivan Bay, Florida, and
Whitewater Bay, Florida.
Areas with low fractal dimensions in the Gulf of Mexico (d 1.0-1.1) occur along
long stretches of beach and up rivers as was commonly seen along the shoreline of the
Atlantic shoreline. Somewhat rarely fractal dimension1.1 will occur in bays in the gulf,
however, it only occurs on the most stretched and straight, non-complex sections of the
bay.

Most compacted convoluted shorelines have the highest fractal dimension. The

fractal dimensional data for the 125 km map going from west to east can be seen in
Appendix 4. The fractal dimensional data for the 250 km map going from west to east
can be seen in Appendix 5. The fractal dimensional data for the 375 km map going from
west to east can be seen in Appendix 6.
Low fractal dimensions on the gulf shoreline appear predominantly on long
stretches of shoreline facing out towards the ocean. These low fractal dimensions also
appear going up rivers just as they do on the Gulf shoreline and the Atlantic Shoreline.
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Table 4.6: Table showing the range of fractal dimensions measured for the 125 km segment
length for the Gulf of Mexico shoreline at 1° intervals of latitude.
Shoreline
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf

Segment length
(km)
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125
125

Longitude range
97+
96-97
95-96
94-95
93-94
92-93
91-92
90-91
89-90
88-89
87-88
86-87
85-86
84-85
83-84
82-83
82-
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Fractal Dimension range
1.0-1.3
1.0-1.2
1.1-1.2
1.0-1.2
1.1-1.3
1.0-1.1
1.0-1.2
1.0-1.2
1.0-1.2
1.1-1.3
1.0-1.3
1.0-1.2
1.1-1.3
1.0-1.3
1.0-1.3
1.0-1.3
1.0-1.3 & 1.5

Table 4.7: Table showing the range of fractal dimensions measured for the 250 km segment
length for the Gulf of Mexico shoreline at 1° intervals of latitude.
Shoreline
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf

Segment length
(km)
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250
250

Longitude range
97+
96-97
95-96
94-95
93-94
92-93
91-92
90-91
89-90
88-89
87-88
86-87
85-86
84-85
83-84
82-83
82-
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Fractal Dimension range
1.1-1.3
1.2-1.3
1.1-1.3
1.1-1.3
1.1-1.2
1.0-1.2
1.0-1.3
1.1-1.2
1.1-1.3
1.1-1.3
1.1-1.3
1.1
1.1-1.2
1.1-1.2
1.1-1.2
1.1-1.3
1.0-1.3

Table 4.8: Table showing the range of fractal dimensions measured for the 375 km segment
length for the Gulf of Mexico shoreline at 1° intervals of latitude.

Shoreline
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf

Segment length
(km)
375
375
375
375
375
375
375
375
375
375
375
375
375
375
375
375
375

Longitude range
97+
96-97
95-96
94-95
93-94
92-93
91-92
90-91
89-90
88-89
87-88
86-87
85-86
84-85
83-84
82-83
82-

Fractal Dimension range
1.1-1.3
1.2-1.3
1.2
1.1-1.3
1.1-1.3
1.1-1.2
1.0-1.2
1.1-1.2
1.1-1.2
1.1
1.1-1.3
1.1
1.1-1.2
1.1-1.3
1.1-1.2
1.1-1.3
1.1-1.3

4.4 Pacific Shoreline
Table 4.2 reports the fractal dimension range across the Pacific shoreline at 5°
latitude increments. Tables 4.9, 4.10, and 4.11 report the fractal dimension range across
the Pacific shoreline at 1° latitude increments. Figures 4.7, 4.8, and 4.9 report the 125,
250, and 375 km scaling maps respectively. The following is a qualitative description of
the Pacific shoreline at the 5° intervals.
North to south from the California-Canada border at 49° 0’ latitude to the 45°
latitude mark at Roads End, Oregon the 125 km segment length a fractal dimension range
of 1.0 to 1.4 is seen. Most of the shoreline has a fractal dimension range of 1.0 to 1.1.
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The Seattle Bay area contains most of the high fractal dimension value segment but
fractal dimension 1.2 can be also be found in North Bay, Washington and Willapa Bay,
Washington. The rest of the shoreline outside the bay has a fractal dimension range of
1.0 to 1.1. In the 250 km segment length a fractal dimension range of 1.0 to 1.3 is seen.
Most of the shoreline has a fractal dimension range of 1.0 to 1.1. The Seattle Bay area
contains most of the high fractal dimension value segments but fractal dimension 1.2 and
1.3 can be also be found from North Bay, Washington to Willapa Bay, Washington. The
rest of the shoreline outside the bay has a fractal dimension range of 1.0 to 1.1. In the
375 km segment length a fractal dimension range of 1.0 to 1.4 is seen. Most of the
shoreline has a fractal dimension range of 1.0 to 1.1. The Seattle Bay area contains most
of the high fractal dimension value segments but fractal dimension 1.3 can be also be
found from North Bay, Washington to Willapa Bay, Washington. The rest of the
shoreline outside the bay has a fractal dimension range of 1.0 to 1.1.
North to south from the 45° latitude mark at Roads End, Oregon to the 40°
latitude mark near Shelter Cove, California, a fractal dimension range of 1.0 to 1.3 is
seen. Most of the shoreline has a fractal dimension value of 1.0. Along the shoreline of
Siuslaw National Forest, a fractal dimension range of 1.1 to 1.3 is seen. Fractal
dimension 1.2 is also seen in the Eel River Delta, California. In the 250 km segment
length a fractal dimension range of 1.0 to 1.2 is seen. Most of the shoreline is split
between fractal dimension 1.0 and 1.2. The fractal dimension 1.1 section is on the
shoreline of Crescent City, California. The fractal dimension 1.2 sections are along
Siuslaw National Forest and the Eel River Delta, California. In the 375 km segment
length a fractal dimension range of 1.0 to 1.1 is seen. Most of the shoreline is fractal
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dimension 1.0. The fractal dimension 1.1 sections occur along Siuslaw National Forest
and the shoreline north of and just to Eel River Delta, California.
North to south from the 40° latitude mark near Shelter Cove, California to the 35°
latitude mark at Bromela California, a fractal dimension range of 1.0 to 1.3 can be seen
on the 125 km segment length. Most of the shoreline in this area has a fractal dimension
range of 1.0. Inside the San Francisco Bay area, a fractal dimension range of 1.0 to 1.3 is
seen with the majority being higher than 1.0. Outside of the San Francisco Bay area,
fractal dimension 1.1 can be found in the Monterey Bay, California. In the 250 km
segment length a fractal dimension range of 1.0 to 1.3 can be seen. Most of the shoreline
in this area has a fractal dimension range of 1.0. Inside the San Francisco Bay area, a
fractal dimension range of 1.0 to 1.3 is seen with the majority being higher than 1.0.
Outside of the San Francisco Bay area all the shoreline has a fractal dimension value of
1.0. In the 375 km segment length a fractal dimension range of 1.0 to 1.3 can be seen.
Most of the shoreline in this area has a fractal dimension range of 1.0. Inside the San
Francisco Bay area, a fractal dimension range of 1.0 to 1.3 is seen with the majority being
higher than 1.0. Outside the San Francisco Bay area, fractal dimension 1.1 reaches from
within the San Francisco Bay area all the way to and ends at Monterey Bay, California.
The rest of the shoreline has fractal dimension 1.0.
North to south from the 35° latitude mark at Bromela California to the CaliforniaMexico border at 32° 32’, a fractal dimension range of 1.0 to 1.2 is seen. Most of the
shoreline in this area has a fractal dimension value of 1.0. Fractal dimension 1.1 is seen
in the Santa Monica Bay, California. Fractal dimension 1.2 is seen in the Long Beach
Bay area, California and in the San Diego Bay. The rest of the shoreline has a fractal
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dimension value of 1.0. In the 250 km segment length a fractal dimension range of 1.0 to
1.1 is seen. The shoreline in this area is nearly evenly split between fractal dimension
value 1.0 and 1.1. Fractal dimension 1.1 is seen from Concepcion, California to Long
Beach Bay, California. The rest of the shoreline has a fractal dimension value of 1.0. In
the 375 km segment length a fractal dimension range of 1.0 to 1.1 is seen. Most of the
shoreline in this area has a fractal dimension value of 1.0. Fractal dimension 1.1 is seen
from Santa Monica Bay, California to Long Beach Bay, California.
The fractal dimensional data for the 125 km map going from north to south can be
seen from Appendix 7. The fractal dimensional data for the 250 km map going from
north to south can be seen in Appendix 8. The fractal dimensional data for the 375 km
map going from north to south can be seen in Appendix 9.
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Table 4.9: Table showing the range of fractal dimensions measured for the 125 km segment
length for the Pacific shoreline at 1° intervals of latitude.
Shoreline Segment length (km)
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125
Pacific
125

Latitude range
48+
47-48
46-47
45-46
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
33-
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Fractal Dimension
range
1.0-1.2
1.0-1.4
1.0-.12
1.0-1.1
1.0-1.1
1.1-1.3
1.0
1.0
1.0-1.2
1.0
1.0-1.3
1.0-1.3
1.0-1.1
1.0
1.0-1.1
1.0-1.2
1.0-1.2

Table 4.10: Table showing the range of fractal dimensions measured for the 250 km segment
length for the Pacific shoreline at 1° intervals of latitude.
Shoreline Segment length (km)
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250
Pacific
250

Latitude range
48+
47-48
46-47
45-46
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
33-
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Fractal Dimension
range
1.1-1.2
1.0-1.3
1.0-1.3
1.0-1.1
1.0 &1.2
1.1-1.2
1.0-1.1
1.0
1.0 & 1.2
1.0
1.0 & 1.2-1.3
1.0-1.3
1.0
1.0
1.0-1.1
1.0-1.1
1.0

Table 4.11: Table showing the range of fractal dimensions measured for the 375 km segment
length for the Pacific shoreline at 1° intervals of latitude.
Shoreline Segment length (km)
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375
Pacific
375

Latitude range
48+
47-48
46-47
45-46
44-45
43-44
42-43
41-42
40-41
39-40
38-39
37-38
36-37
35-36
34-35
33-34
33-
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Fractal Dimension
range
1.1
1.0-1.4
1.0-1.1 & 1.3
1.0-1.1
1.0
1.0-1.1
1.0
1.0-1.1
1.0-1.1
1.0-1.1
1.0-1.3
1.0-1.3
1.0-1.1
1.0
1.0-1.1
1.0-1.1
1.0

4.5 Great Lakes Shorelines
Because the individual Great Lakes shorelines are so small compared to the
Atlantic, Gulf of Mexico, and Pacific shorelines, a separate table by single degrees was
not made, as was done for the Atlantic, Gulf of Mexico, and Pacific shorelines. Table 4.2
shows the fractal dimension range of the individual Great Lakes shorelines. Figures 4.10,
4.11, and 4.12 report the 125, 250, and 375 km scaling maps respectively. The Great
Lakes shorelines will not be discussed by intervals of latitude nor longitude but will
instead be described individually for ease of understanding. The following is a
qualitative description of the individual Great Lakes shorelines.
In the 125 km segment length, Lake Superior has a fractal dimension range of 1.0
to 1.2. Most of the shoreline has a fractal dimension of 1.0. Fractal dimension 1.1 occurs
on the Silver Islet Peninsula, Ontario, Thunder Bay, Ontario, Chequamegon Bay,
Wisconsin to Ontonagon, Michigan, Keweenaw Bay, Michigan, and the shoreline of
Lake Superior Provincial Park, Ontario. Fractal dimension 1.2 occurs from Havilland
Bay, Ontario to Goulais Bay, Ontario. In the 250 km segment length, Lake Superior has
a fractal dimension range of 1.0 to 1.2. Most of the shoreline has a fractal dimension of
1.0. Fractal dimension 1.1 occurs on the Southwest Thunder Bay, Ontario to Lutsen,
Ontario, the South Range Peninsula, Michigan, Whitefish Bay, Michigan, and Lake
Superior Provincial Park, Ontario to Pancake Bay, Ontario. Fractal dimension 1.2 occurs
from Thunder Bay, Ontario to the western edge of Nipigon Bay, Ontario, Port Wing,
Wisconsin to Chequamegon Bay, Wisconsin, and Havilland Bay, Ontario to Goulais Bay,
Ontario. In the 375 km segment length, Lake Superior has a fractal dimension range of
1.0 to 1.2. Most of the shoreline has a fractal dimension split between 1.0 and 1.1.
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Fractal dimension 1.1 occurs from Thunder Bay, Ontario to the western shore of Black
Bay, Ontario, from Bear Beach State Natural Area to Chequamegon Bay, Wisconsin,
Grand Marais, Michigan to Munuscong Lake, Michigan, and Goulais Bay, Ontario to
Michipicoten Bay, Ontario. Fractal dimension 1.2 occurs from the eastern Black Bay
shore, Ontario to Nipigon Bay, Ontario.
In the 125 km segment length, Lake Michigan has a fractal dimension range of
1.0 to 1.2. Most of the shoreline has a fractal dimension of fractal dimension 1.0. Fractal
dimension 1.1 occurs on the shoreline of Gary, Indiana, Green Bay, Wisconsin, up the
Menominee River on the Michigan-Wisconsin border, and the shoreline off Pentwater,
Michigan. Fractal dimension appears along with fractal dimension 1.2 from Little Bay de
Noc, Michigan to Indian Lake, Michigan, and Grand Traverse Bay, Michigan to Little
Traverse Bay, Michigan. Fractal dimension 1.2 occurs on its own in Muskegon Bay,
Michigan. In the 250 km segment length, Lake Michigan has a fractal dimension range
of 1.0 to 1.3. Most of the shoreline has a fractal dimension of fractal dimension 1.1.
Fractal dimension 1.0 occurs from Pentwater, Michigan to Arcadia, Michigan and
Manistique Michigan to Gros Cap, Michigan. Fractal dimension 1.2 occurs from
Menominee River on the Michigan-Wisconsin border to Indian Lake, Michigan, and
Little Traverse Bay, Michigan. Fractal dimension 1.3 occurs in East Arm Grand Traverse
Bay, Michigan. In the 375 km segment length, Lake Michigan has a fractal dimension
range of 1.0 to 1.3 but no fractal dimension 1.2 segments are seen. Most of the shoreline
has a fractal dimension of fractal dimension 1.1. Fractal dimension 1.0 is seen from
White Lake, Michigan to the Arcadia Dunes, Michigan. Fractal dimension 1.3 is seen
from Frankfort, Michigan to East Arm Grand Traverse Bay, Michigan.
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In the 125 km segment length, Lake Huron has a fractal dimension range of 1.0 to
1.3 with most of the shoreline having fractal dimension 1.0. Fractal dimension 1.1 occurs
in Saginaw Bay, Michigan. Fractal dimension 1.1 occurs alongside fractal dimension 1.2
from Cheboygan, Michigan to Mackinaw City, Michigan, Horseshoe Bay, Michigan to
Echo Bay, Ontario, and Sauble Beach Ontario to Moon River, Ontario. Fractal
dimension 1.2 occurs alongside fractal dimension 1.3 from Moon River, Ontario to
French River Provincial Park, Ontario. Fractal dimension 1.3 occurs on its own in
Whitefish Falls, Ontario. In the 250 km segment length, Lake Huron has a fractal
dimension range of 1.0 to 1.4 with most of the shoreline having fractal dimension split
between 1.0 and 1.1. Fractal dimension 1.1 occurs in Saginaw Bay, Michigan, from
Thunder Bay, Michigan to Horseshoe Bay, Michigan, and Colpoy’s Bay, Ontario to
Georgian Bay, Ontario. Fractal dimension 1.2 occurs on Bruce Peninsula, Ontario,
Lauzon Lake, Ontario to Kilarney Provincial Park, Ontario. Fractal dimension 1.3 occurs
in Matchedash Bay, Ontario. Fractal dimension 1.4 occurs in Honey Harbor, Ontario. In
the 375 km segment length, Lake Huron has a fractal dimension range of 1.0 to 1.3 with
most of the shoreline having fractal dimension split between 1.0 and 1.1. Fractal
dimension 1.1 occurs from Lakeside Park, Michigan to Mackinaw City, Michigan, and
Tobermory, Ontario to Sawlog Bay, Ontario. Fractal dimension 1.2 occurs from Blind
River, Ontario to Depot Harbor, Ontario. Fractal dimension 1.3 occurs from Depot
Harbor, Ontario to Honey Harbor, Ontario.
In the 125 km segment length, Lake Erie has a fractal dimension range of 1.0 to
1.2 with most of the shoreline having fractal dimension 1.0. Fractal dimension 1.1 occurs
in Sandusky Bay, Shoreland, Ohio, to Brest Bay, Michigan, and from Point Pelee
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National Park, Ontario, to Fort Erie, Ontario. Fractal dimension 1.2 occurs on Catawba
Island, Ohio, and Lake Saint Clair, between Michigan and Ontario, and Buffalo, New
York. In the 250 km segment length, Lake Erie has a fractal dimension range of 1.0 to
1.3 with most of the shoreline having fractal dimension 1.0. Fractal dimension 1.1 occurs
on Catawba Island, Ohio, and Crystal Beach, Ontario. Fractal dimension 1.2 occurs in
Maumee Bay, Ohio. Fractal dimension 1.3 occurs in Sandusky Bay, Ohio. In the 375
km segment length, Lake Erie has a fractal dimension range of 1.0 to 1.2 with most of the
shoreline having fractal dimension 1.0. Fractal dimension 1.1 occurs in Sheffield Lake,
Ohio to Sandusky Bay, Ohio, and Lake Saint Clair, between Michigan and Ontario, to
Rondeau Bay, Ontario. Fractal dimension 1.2 occurs in Maumee Bay, Ohio.
In the 125 km segment length, Lake Ontario has a fractal dimension range of 1.0
to 1.2 with most of the shoreline having fractal dimension 1.0. Fractal dimension 1.1
occurs from Mississauga River, Ontario to Burlington, Ontario, Barcovan Beach, Ontario
to Kingston, Ontario, and Fair Haven, New York to Dester, New York. Fractal
dimension 1.2 occurs in Chaumont Bay, Ontario. In the 250 km segment length, Lake
Ontario has a fractal dimension range of 1.0 to 1.2 with most of the shoreline having
fractal dimension 1.1. Fractal dimension 1.0 occurs on the shoreline around Rochester,
New York. Fractal dimension 1.2 occurs from Blairville, New York to Lakeside State
Park, New York, Trent River, Ontario, and Saint Lawrence, Ontario to Chaumont Bay,
New York. In the 375 km segment length, Lake Ontario has a fractal dimension range of
1.0 to 1.2 with most of the shoreline having fractal dimension 1.1. Fractal dimension 1.0
occurs from Blairville, New York to Sodus Bay, New York. Fractal dimension 1.2
occurs from Saint Lawrence, Ontario to Chaumont Bay, New York.
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The fractal dimensional data for the 125 km map going from west Lake Superior,
to East Lake Superior and North Lake Michigan, to Southern Lake Michigan, then to
Lake Huron, then Lake Erie, and finally Lake Ontario can be seen in Appendix 10. The
250 and 375 km segment length Figures are arranged in the same order. The 250 km
Great Lakes shoreline maps can be seen in Appendix 11. The 375 km Great Lakes
shoreline maps can be seen in Appendix 12.

4.6 Difference in Fractal dimensions between 125, 250, and 375 km Segments
The difference plots calculate the difference in measured fractal dimension (d) at
each 50 meter point along the shoreline between the different segment length maps.
They are color-coded to the number of decimal places that the fractal dimension
difference was measured between two different plots to the first decimal place. The
difference maps are reported in Figures 4.13 through 4.16. The maps mostly show
consistency between the different segment lengths with much of each difference map
showing a difference between 0.0 and 0.1. Table 4.12 shows the results for all the
difference plots for the Atlantic and Gulf of Mexico shorelines by the interval lengths
described previously. Table 4.13 shows the results for all the difference plots for the
Pacific and Great Lakes shorelines by the interval lengths described previously.
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Figure 4.13: Maps of the Atlantic shoreline color-coded to show the difference in fractal
dimension between segment lengths shown at lower right corner of each map.
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Figure 4.14: Maps of the Gulf of Mexico shoreline color-coded to show the difference in fractal
dimension between segment lengths shown at lower right corner of each map.
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Figure 4.15: Maps of the Pacific shoreline color-coded to show the difference in fractal
dimension between segment lengths shown at lower right corner of each map.
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Figure 4.16: Map of the Great Lakes shorelines color-coded to show the difference in fractal
dimension between segment lengths shown at the lower right corner of the map.

Figure 4.17: Map of the Great Lakes shorelines color-coded to show the difference in fractal
dimension between segment lengths shown at the lower right corner of the map.
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Figure 4.18: Map of the Great Lakes shorelines color-coded to show the difference in fractal
dimension between segment lengths shown at the lower right corner of the map.
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Table 4.12: Fractal dimension range differences at each segment interval for the Atlantic and Gulf
of Mexico shorelines.
Shoreline
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Atlantic
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf
Gulf

Segment lengths (km)
compared
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375

Area range
40°-45°N+
40°-45°N+
40°-45°N+
35°-40°N
35°-40°N
35°-40°N
30°-35°N
30°-35°N
30°-35°N
End-30°
End-30°
End-30°
US border-95°W
US border-95°W
US border-95°W
95-90°W
95-90°W
95-90°W
90-85°W
90-85°W
90-85°W
85-End
85-End
85-End
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Difference in Fractal Dimension
Range
0.0-0.3
0.0-0.3
0.0-0.2
0.0-0.3
0.0-0.4
0.0-0.3
0.0-0.2
0.0-0.2
0.0-0.3
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.4
0.0-0.2

Table 4.13: Fractal dimension range differences at each segment interval for the Pacific and Great
Lakes shorelines. The Great Lakes shorelines were measured individually.
Shoreline
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes
Great Lakes

Segment lengths
(km) compared
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375
125 vs 250
125 vs 375
250 vs 375

Area range
45°+
45°+
45°+
40°-45°N+
40°-45°N+
40°-45°N+
35°-40°N
35°-40°N
35°-40°N
Border-35°N
Border-35°N
Border-35°N
Lake Superior
Lake Superior
Lake Superior
Lake Michigan
Lake Michigan
Lake Michigan
Lake Huron
Lake Huron
Lake Huron
Lake Erie
Lake Erie
Lake Erie
Lake Ontario
Lake Ontario
Lake Ontario

Difference in Fractal Dimension
Range
0.0-0.2
0.0-0.3
0.0-0.3
0.0-0.2
0.0-0.3
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.3
0.0-0.2
0.0-0.2
0.0-0.1
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.3
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2
0.0-0.2

4.6.1 Atlantic Shoreline
Figure 4.13 shows all the difference plots for the Atlantic shoreline. The
difference maps regarding the Atlantic shoreline are as follows. The southern portion of
Maine has a small section up the river where the fractal dimension has a 0.2 difference on
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the 125-250 km map. The 125-375km map also shows a 0.2 difference at the northern
edge of Maine. The Chesapeake bay in all the difference maps shows 0.2 and 0.3
difference in fractal dimensions in various spots but it is mostly differences of 0.0 and
0.1. Just above and below the 35-degree latitude line there is a 0.2 difference in fractal
dimensions on the 125-375 km map. Beyond this, there are very few spots that have a
difference in fractal dimension greater than 0.1.
4.6.2 Gulf of Mexico Shoreline
Figure 4.14 shows all the difference plots for the Gulf shoreline. The Gulf
shoreline has mostly fractal dimension differences between 0.0 and 0.1 but it does have
some 0.2, 0.3, and even 0.4. On the Pacific shoreline of Florida high difference in fractal
dimension values are seen from 0.2 to 0.4 on all the difference maps. Another source of
constant difference in all the difference maps is in Mobile Bay Alabama. Here we see a
constant difference of 0.2 in all the difference plots in one section in or around the bay.
Another area where high difference value is seen is in and around the New Orleans and
Mississippi River area on all the maps. Corpus Christy Bay and Montagorda Bay also
show similar variations in fractal dimension but only for the 125-250km map and the
125-375 km map.
4.6.3 Pacific Shoreline
Figure 4.15 shows all the difference plots for the Pacific shoreline. The Pacific
shoreline differences start with the 125-375 km map in the bay near Seattle where a
fractal dimension difference of 0.2 is seen. Near the Columbia River mouth a fractal
dimension difference of 0.2 is seen on both the 125-375 and 250-375 km maps. Near the
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Umpqua River, the fractal dimension difference is between 0.2 and 0.3 for all the
difference maps. Near Point Arena, California, a constant difference of 0.2 fractal
dimension is seen on both the 125-375 and 250-375 km maps. Finally at the very
southern portion of the shoreline right before the end by Los Angeles, a constant fractal
dimension difference of 0.2 is seen in the 125-250 and 125-375 km maps.
4.6.4 Great Lakes Shorelines
Figures 4.16, 4.17, and 4.18 show the 125, 250, and 375 km difference plots for
the Great Lakes shorelines. Regarding the Great Lakes maps, a constant difference of 0.2
is seen in or around Thunder Bay in Lake Superior in all the difference maps. Lake
Michigan sees a constant difference of 0.2 in the Southern portion near Chicago in the
125-250 and 125-375 km maps. A difference of 0.2 to 0.3 is seen in Grand Thunder Bay
in the 125-375 and 250-375 km maps. A constant 0.2 difference in fractal dimension is
seen in or around both the shore along French River Provincial Park and the mouth of the
Spanish River in all the difference maps. Along the southwest shore of Lake Erie a
constant fractal dimension difference of 0.2 is seen all the difference maps. A fractal
dimension difference of 0.2 is also seen along the north Atlantic shoreline in both 125375 and 250-375 km difference maps. The shoreline along the Saint Lawrence River in
Lake Ontario shows a constant difference of 0.2 in the 125-250 and 125-375 km maps. A
0.2 difference is also seen consistently in the shoreline in and along the Trent River in the
125-250 and 125-375km maps.
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4.7 Histograms of Fractal Dimensions
For each region of the US shoreline, the fractal dimension for the Atlantic shoreline
the Gulf shoreline, the Pacific shoreline and the Great Lakes shoreline is distributed in a
histogram for each individual segment length map. Also included in the histogram is the
end piece of each shoreline that does not equal a full segment. This segment “snippet”
was box-counted and its result is included and noted in the histogram. The patterns seen
in the histograms are as follows. The Atlantic shoreline and the Gulf shoreline
histograms have approximately normal distribution in each segment length histogram
from 125, 250, and 375 km. The Pacific shoreline histogram distribution is skewed to the
right on all segment length histograms. The Great Lakes histograms are skewed to the
right in the 125 km segment length, then shift toward becoming normally distributed as
segment length increases from 250 to 375 km.
The histograms of the 125, 250, and 375 km Atlantic shoreline maps can be seen in
Figures 4.19, 4.20, and 4.21 respectively.
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Figure 4.19: Histogram of the frequency of fractal dimensions along 125 km segments of the
Atlantic shoreline. This histogram displays normal distribution.

Figure 4.20: Histogram of the frequency of fractal dimensions along 250 km segments of the
Atlantic shoreline. This histogram displays an approximately normal distribution.
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Figure 4.21: Histogram of the frequency of fractal dimensions along 375 km segments of the
Atlantic shoreline. This histogram displays an approximately normal distribution.

The histograms of the 125, 250, and 375 km segment lengths for the Gulf shoreline
maps can be seen in Figures 4.22, 4.23, and 4.24 respectively. The gulf histograms also
have approximately normal distribution in all segment length histograms. Like the
Atlantic Shoreline, the Gulf histograms also become more normally distributed with
increasing segment length. However, there are no segments where the fractal dimension
exceeds 1.3 in the Gulf of Mexico.
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Figure 4.22: Histogram of the frequency of fractal dimensions along 125 km segments of the Gulf
of Mexico shoreline. This histogram displays an approximately normal distribution.

Figure 4.23: Histogram of the frequency of fractal dimensions along 250 km segments of the Gulf
of Mexico shoreline. This histogram displays an approximately normal distribution.
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Figure 4.24: Histogram of the frequency of fractal dimensions along 375 km segments of the Gulf
of Mexico shoreline. This histogram displays an approximately normal distribution.

The histograms of the fractal dimension for 125, 250, and 375 km segment lengths for
the Pacific shoreline maps can be seen in Figures 4.25, 4.26, and 4.27 respectively. The
Pacific shoreline histograms are right skewed on all segment lengths measured. The 125
km segment length is an almost textbook example of right skewing. The 250 km segment
length is still right skewed for the most part except that there are just as many fractal
dimension 1.2 segments as there are fractal dimension 1.0 segments. In the 375 km
segment length histogram, the histogram is once again right skewed.

79

Figure 4.25: Histogram of the frequency of fractal dimensions along 125 km segments of the
Pacific shoreline. This histogram is right skewed.

Figure 4.26: Histogram of the frequency of fractal dimensions along 250 km segments of the
Pacific shoreline. This histogram is right skewed.
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Figure 4.27: Histogram of the frequency of fractal dimensions along 375 km segments of the
Pacific shoreline. This histogram is right skewed.

The histograms of the 125, 250, and 375 km Great Lakes shorelines maps can be seen
in Figures 4.28, 4.29, and 4.30 respectively. The Great Lakes histograms start out right
skewed in the 125 km segment length but begin to normalize as you increase segment
length.
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Figure 4.28: Histogram of the frequency of fractal dimensions along 125 km segments of the
Great Lakes shoreline. This histogram is right skewed.

Figure 4.29: Histogram of the frequency of fractal dimensions along 250 km segments of the
Great Lakes shoreline. This histogram is beginning to become approximately normally
distributed compared to the 125 km Great Lakes histogram.
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Figure 4.30: Histogram of the frequency of fractal dimensions along 375 km segments of the
Great Lakes shoreline. This histogram is approximately normal compared to the 250 km Great
Lakes histogram.

4.8 Range of Fractal Dimensions at Different Segment Lengths
For each region of the US shoreline, the fractal dimension range for the Atlantic
shoreline, the Gulf shoreline, the Pacific shoreline and the Great Lakes shoreline has been
box-counted from 1 to 35 segments. The range of fractal dimensions is plotted on the yaxis and the number of segments that the shoreline was divided into is plotted on the xaxis. Figures 4.31 through 4.34 show these plots respectively.
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Figure 4.31: Plot of the number of segments that the Atlantic shoreline was divided into and
subsequently box-counted vs the number of fractal dimensions observed.
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Figure 4.32: Plot of the number of segments that the Gulf of Mexico shoreline was divided into
and subsequently box-counted vs the number of fractal dimensions observed.
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Figure 4.33: Plot of the number of segments that the Pacific shoreline was divided into and
subsequently box-counted vs the number of fractal dimensions observed.
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Figure 4.34: Plot of the number of segments that the Great Lakes shoreline was divided into and
subsequently box-counted vs the number of fractal dimensions observed.

Except for the plot of the Great Lakes Shorelines, all of the plots start to level off
at or around 10 segments. The Great Lakes level off at 4 segments. Once leveled off, the
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number of fractal dimensions falls between 2 adjacent values. The Great Lakes have an
increase of one in number of fractal dimension at 35 segments.

4.9 Discussion of Results
The fractal dimension ranges from 1.0 in all maps to 1.5 for all the US shorelines
studied. 1.4 is the second rarest and is not often found outside of bays. 1.5 is only found
once inside the Chesapeake Bay in the 250 and 375 km segment length maps on the
peninsulas west of Easton, Maryland on Routes 33 and 579. This area in the 125, 250,
and 375 km maps can be seen in Figures 4.35, 4.36, and 4.37 respectively. Figure 4.38
shows the 375 km section of shoreline mentioned in the 125, 250, and 375 km maps from
left to tight respectively for ease of comparison. This area is not unlike the other parts of
the Chesapeake Bay that have fractal dimension1.4, except that it is composed of an
especially “wiggly” section of shoreline. Another reason it has such a high fractal
dimension is that on the 250 and 375 km segment length maps, the whole shoreline is
“wiggly” and also excludes any flat, non-complex shoreline. This portion also has many
parts where the shoreline comes back in on itself with many twists and turns that increase
its complexity. Complexity is seen to lower as you decrease segment length. The 125
km map shows how the first branch inward is the most complex portion of the shoreline
with fractal dimension1.4 and that the second connected portion to the east is also rough
but just a little less at fractal dimension 1.3. The shoreline that arcs over the north that is
included in the 375 km segment length map has a fractal dimension of 1.2. In the 250 km
map we see that the 1.2 portion is now connected to the more complex section to the
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north, and is now counted as a fractal dimension 1.4 value. In the original section where
2 segments were seen to be fractal dimension1.4 and fractal dimension1.3 we now see the
fractal dimension increases to 1.5 when the segments are connected. The fractal
dimension likely increased due to how compact the shore is in the segment. In the
original 2 125 km segments it was certainly complex in appearance but it was somewhat
spread out. However, in the connected segments in the 250 km segment, the 2 original
125 km segments are closely bunched together and would thus mean fewer boxes when
box-counted. In the 375 km segment we see that the whole area is now connected and
measures fractal dimension1.5. Once again this is likely due to the compactness of all the
connected parts of the shore that were separate from each other in the smaller segment
lengths.
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Figure 4.35: Map of the peninsulas around of Bozman, Maryland in the 125 km segment map.
This area has a fractal dimension range of 1.2-1.4 here.
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Figure 4.36: Map of the peninsulas around of Bozman, Maryland in the 250 km segment map.
This area has a fractal dimension range of 1.4-1.5.
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Figure 4.37: Map of the peninsulas around of Bozman, Maryland in the 375 km segment length.
This area has a fractal dimension range of 1.5.

Figure 4.38: The peninsulas west of Easton, Maryland on Routes 33 and 579 as seen in each
segment map for ease of comparison. The 125 km map is furthest to the left followed by the 250
km map in the middle and the 375 km map on the right. Fractal dimension is seen to increase as
segment length increases.
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A fractal dimension of 1.5 also occurs in the Gulf shoreline 125 km map in Cape
Coral near Fort Myers, Florida in an artificially created canal community with many
straight, square edges. This area in the 125, 250, and 375 km maps can be seen in
Figures 4.39, 4.40, and 4.41 respectively. Figure 4.42 shows the 375 km section of
shoreline mentioned in the 125, 250, and 375 km maps from top to bottom respectively
for ease of comparison. In this area we see the opposite of what happened in the
previously mentioned segment of the Atlantic shoreline. The canal community is seen to
have fractal dimension1.5 in the 125 km map. However, as you increase segment length,
the fractal dimension of the community decreases to 1.3 in the 250 km map and to 1.1 in
the 375 km map. It can be seen in the 125 km map that most of the canal community is a
single very compact 125 km segment. This compactness explains why the fractal
dimension here is so high because more compactness means less filled boxes when being
box-counted. The fractal dimension is seen to decrease as segment length increases to
250 km because the canal community is now being box-counted with the portion of
shoreline to the west that was counted to be fractal dimension1.1 in the 125 km segment
map. This causes the canal community to have a lower fractal dimension but the western
shoreline segment to increase its fractal dimension when they are counted together.
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Figure 4.39: Map of an artificially created canal community in Cape Coral near Fort Myers,
Florida in the 125 km segment length. The fractal dimension 1.5 is seen in the canal community.
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Figure 4.40: Map of an artificially created canal community in Cape Coral near Fort Myers,
Florida in the 250 kmsegment length. The fractal dimension 1.3 is seen in the canal community.
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Figure 4.41: Map of an artificially created canal community in Cape Coral near Fort Myers,
Florida in the 375 km segment length. The fractal dimension 1.1 is seen in the canal community.
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Figure 4.42: Maps of the artificially created canal community in Cape Coral near Fort Myers,
Florida. The 125 km map is at the top, the 250 km map in the middle, and the 375 km map on the
bottom. Fractal dimension is seen to decrease as segment length increases.
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High fractal dimensions are seen consistently in bay areas on each of the shorelines
measured. This is because these are the areas where the shoreline is most compact and
most likely to fold into itself and have a wiggly appearance. High fractal dimensions are
also consistently seen in nature preserves. This is due to more compact and ‘wiggly’
extents of shoreline in these areas where the shoreline is undisturbed by human
development causing plant growth that protects the shoreline and causes a ragged
appearance on the shoreline. This ragged appearance of the shoreline contributes to
complexity. High fractal dimensions are also caused by human activity on the US
shoreline in certain cases, such as housing developments like the canal community in the
Gulf, which had a fractal dimension of 1.5. Rias are a key example where high fractal
dimensions are seen consistently along the measured shorelines. Rias are formed when a
river drainage system is flooded over time by sea level rise. As the sea level rises, the
valley is submerged in water yet the features cut into the land by the rivers flowing over
time remain. This causes dendritic patterns in the flooded areas where the rivers once cut
through the land. These dendritic patterns have complex shapes which is reflected when
they are box-counted as high fractal dimensions, such as the Chesapeake Bay, which is in
fact a ria. The only area with fjords in the US is in Seattle Bay, Washington. Similar to
bays and rias, high fractal dimensions are seen here as well. Overall, rivers are seen to
have a typical fractal dimension of 1.0-1.1 in all the segment length maps. While they do
appear “wiggly”, they are apparently not as complex as bays. Long flat areas of
shoreline, which are seen often on the south of the Chesapeake Bay, the Pacific shoreline
and in the Great Lakes, are also seen to have low fractal dimensions.
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The Atlantic shoreline is home to many bays and rias where the highest concentration
of high fractal dimensions is seen, as can be seen on each of its segment length
histograms. It also has many stretches of shoreline with low fractal dimensions on each
segment length, most notably from the Southern shoreline of North Carolina all the way
to the end of the Atlantic shoreline in southern Florida. The Gulf of Mexico is
technically a very large bay. As has been the trend so far, bays tend to have relatively
high fractal dimensions throughout on all the segment length maps. The Gulf of Mexico
is no exception as can be seen by the large amount of fractal dimension1.2 on all the
segment length histograms. A fractal dimension of 1.2 dominates the gulf on all segment
length maps as can be seen in the histograms. The Gulf has relatively few areas where
the shoreline is flat with a low fractal dimension for long stretches. This is reflected in
the histograms as there is very little fractal dimension1.0 is in each segment length
histogram. The Pacific shoreline, except for its bays, which have high fractal
dimensions, is dominated by low fractal dimensions of 1.0-1.1 as seen by the histograms.
This is possibly due to the Pacific shoreline being an emergent shoreline as it is right next
to an active margin. The Great Lakes shorelines are all relatively low and dominated by
fractal dimension1.0-1.1 in all segment length maps with high fractal dimensions
occurring very rarely here as most of the shoreline of each lake is relatively flat and
featureless. Only in the bays are high fractal dimensions seen here as they are in the
other measured shorelines.
The Atlantic shoreline is home to many bays and rias where the highest concentration
of high fractal dimensions is seen, as can be seen on each of its segment length
histograms. It also has many stretches of shoreline with low fractal dimensions on each
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segment length, most notably from the Southern shoreline of North Carolina all the way
to the end of the Atlantic shoreline in southern Florida. The Gulf of Mexico is
technically a very large bay. As has been the trend so far, bays tend to have relatively
high fractal dimensions throughout on all the segment length maps. The Gulf of Mexico
is no exception as can be seen by the large amount of fractal dimension1.2 on all the
segment length histograms. A fractal dimension of 1.2 dominates the gulf on all segment
length maps as can be seen in the histograms. The Gulf has relatively few areas where
the shoreline is flat with a low fractal dimension for long stretches. This is reflected in
the histograms as there is very little fractal dimension1.0 is in each segment length
histogram. The Pacific shoreline, with the exception of its bays and fjords, which have
high fractal dimensions, is dominated by low fractal dimensions of 1.0-1.1 as seen by the
histograms. This is possibly due to the Pacific shoreline being an emergent shoreline as it
is right next to an active margin. The Great Lakes shorelines are all relatively low and
dominated by fractal dimension1.0-1.1 in all segment length maps with high fractal
dimensions occurring very rarely here as most of the shoreline of each lake is relatively
flat and featureless. Only in the bays are high fractal dimensions seen here as they are in
the other measured shorelines.
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5.0 CONCLUSIONS
Fractal scaling was found on every section of the contiguous United States
shoreline for each segment length (125, 250, 375 km) sampled. The range of fractal
dimensions observed is 1.0 - 1.5. Fractal dimensions from 1.1 to 1.4 are consistently
found in bays and rias. Rivers consistently have fractal dimensions ranging between 1.01.2, but never higher. Long stretches of smooth shoreline outside of bays that face
towards open water have consistently low fractal dimensions of 1.0 to 1.1. Shorelines
that double back on themselves have consistently high fractal dimensions of 1.3 to 1.4
such as those of the Chesapeake Bay and Seattle Bay, Washington.
Low fractal dimensions observed along the Pacific shoreline, which is an
emergent shoreline on a tectonically active plate margin. Low fractal dimensions are
consistently seen on the Great Lakes shorelines. The low fractal dimensions may be due
to low storm activity on the Pacific shoreline and Great Lakes. The high fractal
dimensions observed along the Atlantic and Gulf shorelines may in part be due to higher
storm activity and the annual hurricane season. The Atlantic and Gulf of Mexico
shorelines both lie on a tectonically passive margin.
The fractal dimension measures the scaling property of a pattern not at any one
length but over a range of lengths. In this study the box-counting method was used to
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measure the fractal dimension of shorelines where the box-counting method counts
occupied boxes over a range of box sizes. Previous studies of the fractal dimensions of
shorelines measure a single length of shoreline. In the current study a single length of
shoreline is measured at three segment lengths (125, 150, 275 km) to observe whether the
fractal dimension along of the shoreline stabilized. The result is that as the segment
length decreases, the fractal dimension becomes more variable. This means that as the
shoreline segments become shorter, the fragmentation of the shoreline becomes finer and
finer. Thus, the single value of the fractal dimension reported by Richardson (1961) for
the shoreline on the west coast of Britain or by Feder (1988) for the shoreline of Norway
approximates the average of the variable fractal dimensions at finer scales. There appears
to be no end to this as one goes to finer and finer scales. The answer to Richardson’s
query “how long is the coastline of Britain?” is, it depends on the scale at which you
measure it (Barton, 2018 personal communication). The answer to the query of the study
“does the fractal dimension of a shoreline stabilize at some length or segment length” is
no. This means that the fractal dimension of the shoreline continues to change as the
segment length decreases.
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APPENDIX

ENLARGED SHORELINE MAPS, SEGMENTED AND COLOR CODED BY
FRACTAL DIMENSION
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Appendix 1.1: The Atlantic shoreline from the Maine-Canada border to Portland, Maine on the
125 km segment map.
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Appendix 1.2: The Atlantic shoreline from Plymouth, Massachusetts to Stamford Connecticut on
the 125 km segment map.
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Appendix 1.3: The Atlantic shoreline from the Delaware Bay and the upper portion of the
Chesapeake Bay on the 125 km segment map.

107

Appendix 1.4: The Atlantic shoreline from the complete Chesapeake Bay on the 125 km segment
map.
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Appendix 1.5: The Atlantic shoreline from the Lower Chesapeake Bay to the Pamlico River
mouth on the 125 km segment map.
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Appendix 1.6: The Atlantic shoreline from Wilmington, North Carolina to Beaufort, Georgia on
the 125 km segment map.
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Appendix 1.7: The Atlantic shoreline from the Savannah River, Georgia on the 125 km segment
map.

111

Appendix 1.8: The Atlantic shoreline from Jacksonville, Florida to Daytona Beach on the 125 km
segment map.
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Appendix 1.9: The Atlantic shoreline from Palm Bay, Florida to West Palm Beach, Florida on the
125 km segment map.
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Appendix 1.10: The Atlantic shoreline to Miami, Florida on the 125 km segment map.
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Appendix 2.1: The Atlantic shoreline from Maine-Canada border to Portland, Maine on the 250
km segment map.

115

Appendix 2.2: The Atlantic shoreline from Plymouth, Massachusetts to Stamford Connecticut on
the 250 km segment map.
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Appendix 2.3: The Atlantic shoreline from the Delaware Bay and the upper portion of the
Chesapeake Bay on the 250 km segment map.
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Appendix 2.4: The Atlantic shoreline from the complete Chesapeake Bay on the 250 km segment
map.

118

Appendix 2.5: The Atlantic shoreline from the Lower Chesapeake Bay to the Pamlico River
mouth on the 250 km segment map.
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Appendix 2.6: The Atlantic shoreline from Wilmington, North Carolina to Beaufort, Georgia on
the 250 km segment map.
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Appendix 2.7: The Atlantic shoreline from the Savannah River, Georgia on the 250 km segment
map.

121

Appendix 2.8: The Atlantic shoreline from Jacksonville, Florida to Daytona Beach on the 250 km
segment map.
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Appendix 2.9: The Atlantic shoreline from Palm Bay, Florida to West Palm Beach, Florida on the
250 km segment map.
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Appendix 2.10: The Atlantic shoreline of Miami, Florida on the 250 km segment map.
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Appendix 3.1: The Atlantic shoreline from Maine-Canada border to Portland, Maine on the 375
km segment map.
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Appendix 3.2: The Atlantic shoreline from Plymouth, Massachusetts to Stamford Connecticut on
the 375 km segment map.
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Appendix 3.3: The Atlantic shoreline from the Delaware Bay and the upper portion of the
Chesapeake Bay on the 375 km segment map.
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Appendix 3.4: The Atlantic shoreline from the complete Chesapeake Bay on the 375 km segment
map.

128

Appendix 3.5: The Atlantic shoreline from the Lower Chesapeake Bay to the Pamlico River
mouth on the 375 km segment map.
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Appendix 3.6: The Atlantic shoreline from Wilmington, North Carolina to Beaufort, Georgia on
the 375 km segment map.
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Appendix 3.7: The Atlantic shoreline from the Savannah River, Georgia on the 375 km segment
map.
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Appendix 3.8: The Atlantic shoreline from Jacksonville, Florida to Daytona Beach on the 375 km
segment map.
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Appendix 3.9: The Atlantic shoreline from Palm Bay, Florida to West Palm Beach, Florida on the
375 km segment map.
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Appendix 3.10: The Atlantic shoreline to Miami, Florida on the 375 km segment map.
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Appendix 4.1: The Gulf of Mexico shoreline from the Texas-Mexico border to Baffin, Bay Texas
on the 125 km segment map.
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Appendix 4.2: The Gulf of Mexico shoreline from Corpus Christi, Texas to Matagorda Bay,
Texas in the 125 km segment map.
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Appendix 4.3: The Gulf of Mexico shoreline from Trinity Bay by Houston Texas on the 125 km
segment map.
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Appendix 4.4: The Gulf of Mexico shoreline from Sabine National Wildlife Refuge, Louisiana in
the 125 km segment map.
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Appendix 4.5: The Gulf of Mexico shoreline from Vermilion Bay, Louisiana in the 125 km
segment map.

139

Appendix 4.6: The Gulf of Mexico shoreline from Mobile Bay, Alabama in the 125 km segment
map.

140

Appendix 4.7: The Gulf of Mexico shoreline from White City Florida in the 125 km segment
map.
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Appendix 4.8: The Gulf of Mexico shoreline from Hampton Springs, Florida to Cedar Key,
Florida in the 125 km segment map.
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Appendix 4.9: The Gulf of Mexico shoreline from Tampa Bay, Florida in the 125 km segment
map.
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Appendix 4.10: The Gulf of Mexico shoreline from Port Charlotte, Florida to the Everglades
National Park in the 125 km segment map.
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Appendix 5.1: The Gulf of Mexico shoreline from the Texas-Mexico border to Baffin, Bay Texas
on the 250 km segment map.
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Appendix 5.2: The Gulf of Mexico shoreline from Corpus Christi, Texas to Matagorda Bay,
Texas in the 250 km segment map.
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Appendix 5.3: The Gulf of Mexico shoreline from Trinity Bay by Houston Texas on the 250 km
segment map.
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Appendix 5.4: The Gulf of Mexico shoreline from Sabine National Wildlife Refuge, Louisiana in
the 250 km segment map.
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Appendix 5.5: The Gulf of Mexico shoreline from Vermilion Bay, Louisiana in the 250 km
segment map.
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Appendix 5.6: The Gulf of Mexico shoreline from Mobile Bay, Alabama in the 250 km segment
map.
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Appendix 5.7: The Gulf of Mexico shoreline from White City Florida in the 250 km segment
map.
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Appendix 5.8: The Gulf of Mexico shoreline from Hampton Springs, Florida to Cedar Key,
Florida in the 250 km segment map.
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Appendix 5.9: The Gulf of Mexico shoreline from Tampa Bay, Florida in the 250 km segment
map.
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Appendix 5.10: The Gulf of Mexico shoreline from Port Charlotte, Florida to the Everglades
National Park in the 250 km segment map.
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Appendix 6.1: The Gulf of Mexico shoreline from the Texas-Mexico border to Baffin, Bay Texas
on the 375 km segment map.

155

Appendix 6.2: The Gulf of Mexico shoreline from Corpus Christi, Texas to Matagorda Bay,
Texas in the 375 km segment map.
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Appendix 6.3: The Gulf of Mexico shoreline from Trinity Bay by Houston Texas on the 375 km
segment map.
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Appendix 6.4: The Gulf of Mexico shoreline from Sabine National Wildlife Refuge, Louisiana in
the 375 km segment map.
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Appendix 6.5: The Gulf of Mexico shoreline from Vermilion Bay, Louisiana in the 375 km
segment map.
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Appendix 6.6: The Gulf of Mexico shoreline from Mobile Bay, Alabama in the 375 km segment
map.
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Appendix 6.7: The Gulf of Mexico shoreline from White City Florida in the 375 km segment
map.
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Appendix 6.8: The Gulf of Mexico shoreline from Hampton Springs, Florida to Cedar Key,
Florida in the 375 km segment map.
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Appendix 6.9: The Gulf of Mexico shoreline from Tampa Bay, Florida in the 375 km segment
map.
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Appendix 6.10: The Gulf of Mexico shoreline from Port Charlotte, Florida to the Everglades
National Park in the 375 km segment map.
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Appendix 7.1: The Pacific shoreline from the Seattle Bay area in Washington on the 125 km
segment map.
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Appendix 7.2: The Pacific shoreline from the Columbia River on the border of Washington and
Oregon in the 125 km map.
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Appendix 7.3: The Pacific shoreline from Yachats, Oregon to Port Orford, Oregon in the 125 km
segment map.
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Appendix 7.4: The Pacific shoreline from Gold Beach, Oregon to Eureka, California in the 125
km map.
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Appendix 7.5: The Pacific shoreline from Ferndale, California to Gualala, California in the 125
km segment map.
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Appendix 7.6: The Pacific shoreline from the San Francisco Bay area in the 125 km segment
map.
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Appendix 7.7: The Pacific shoreline from Monterey Bay, California to Pismo Beach in the 125
km segment length.
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Appendix 7.8: The Pacific shoreline from Santa Barbara, California to Long Beach, California in
the 125 km segment map.

172

Appendix 7.9: The Pacific shoreline from Long Beach to the California-Mexico border in the 125
km segment map.
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Appendix 8.1: The Pacific shoreline from the Seattle Bay area in Washington on the 250 km
segment map.
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Appendix 8.2: The Pacific shoreline from the Columbia River on the border of Washington and
Oregon in the 250 km map.
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Appendix 8.3: The Pacific shoreline from Yachats, Oregon to Port Orford, Oregon in the 250 km
segment map.

176

Appendix 8.4: The Pacific shoreline from Gold Beach, Oregon to Eureka, California in the 250
km map.

177

Appendix 8.5: The Pacific shoreline from Ferndale, California to Gualala, California in the 250
km segment map.

178

Appendix 8.6: The Pacific shoreline from the San Francisco Bay area in the 250 km segment
map.

179

Appendix 8.7: The Pacific shoreline from Monterey Bay, California to Pismo Beach in the 250
km segment length.
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Appendix 8.8: The Pacific shoreline from Santa Barbara, California to Long Beach, California in
the 250 km segment map.
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Appendix 8.9: The Pacific shoreline from Long Beach to the California-Mexico border in the 250
km segment map.
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Appendix 9.1: The Pacific shoreline from the Seattle Bay area in Washington on the 375 km
segment map.

183

Appendix 9.2: The Pacific shoreline from the Columbia River on the border of Washington and
Oregon in the 375 km map.
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Appendix 9.3: The Pacific shoreline from Yachats, Oregon to Port Orford, Oregon in the 375 km
segment map.
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Appendix 9.4: The Pacific shoreline from Gold Beach, Oregon to Eureka, California in the 375
km map.
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Appendix 9.5: The Pacific shoreline from Ferndale, California to Gualala, California in the 375
km segment map.

187

Appendix 9.6: The Pacific shoreline from the San Francisco Bay area in the 375 km segment
map.

188

Appendix 9.7: The Pacific shoreline from Monterey Bay, California to Pismo Beach in the 375
km segment length.
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Appendix 9.8: The Pacific shoreline from Santa Barbara, California to Long Beach, California in
the 375 km segment map.
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Appendix 9.9: The Pacific shoreline from Long Beach to the California-Mexico border in the 375
km segment map.
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Appendix 10.1: Western Lake Superior in the 125 km segment map.
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Appendix 10.2: Eastern Lake Superior and Northern Lake Michigan in the 125 km segment map.
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Appendix 10.3: Southern Lake Michigan in the 125 km segment map.
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Appendix 10.4: Lake Huron in the 125 km segment map.
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Appendix 10.5: Lake Erie in the 125 km segment map.
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Appendix 10.6: Lake Ontario in the 125 km segment map.
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Appendix 11.1: Western Lake Superior in the 250 km segment map.

198

Appendix 11.2: Eastern Lake Superior and Northern Lake Michigan in the 250 km segment map.
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Appendix 11.3: Southern Lake Michigan in the 250 km segment map.
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Appendix 11.4: Lake Huron in the 250 km segment map.
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Appendix 11.5: Lake Erie in the 250 km segment map.
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Appendix 11.6: Lake Ontario in the 250 km segment map.
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Appendix 12.1: Western Lake Superior in the 375 km segment map.
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Appendix 12.2: Eastern Lake Superior and Northern Lake Michigan in the 375 km segment map.
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Appendix 12.3: Southern Lake Michigan in the 375 km segment map.
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Appendix 12.4: Lake Huron in the 375 km segment map.

207

Appendix 12.5: Lake Erie in the 375 km segment map.
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Appendix 12.6: Lake Ontario in the 375 km segment map.
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